The isothermal section at 600°C of the phase diagram of the ternary system Sm-Ga-Sn was constructed using X-ray powder diffraction data. 
Introduction
The ternary systems R-Ga-Sn (R = rare-earth metal ) have not yet been systematically investigated. In the systems with Tb and Dy, several ternary compounds with close-packed structures, forming along the line with 25 at.% R in the concentration triangle, have been reported: TbGa 2.86 Sn 0.14 (structure type Mg 3 In, Person symbol hR48, space group R-3m, a = 6.2224, c = 27.908 Å) [ [6] ; a = 4.4352, c = 17.291 Å for YbGaSn [7] ). In the system Sm-GaSn the crystal structure of a ternary compound of variable composition Sm 3 Ga 0.80-2.48 Sn 4.20-2.52 has been reported [8] . Its structure belongs to an original (own) structure type (oS32, Cmcm, a = 9.97552-9.89433, b = 8.02642-7.87246, c = 10.23304-9.91703 Å), which is a ternary derivative of the binary structure type Pu 3 Pd 5 [9] . The structure remains partially ordered in the whole homogeneity range. Recently, the crystal structure of an isotypic compound with Dy was reported, Dy 3 Ga 2.54 Sn 2.46 (a = 9.7300, b = 7.7081, c = 9.7985 Å) [10] .
The binary systems that delimit the ternary system Sm-Ga-Sn are well studied and the phase diagrams have been constructed in the whole concentration range [ 1 1] , even if the formation of Sm 2 Sn 3 remains unclear. Crystallographic data of the binary compounds reported in the systems Sm-Ga and Sm-Sn are summarized in Table 1 . The system Ga-Sn is characterized by a eutectic reaction at 8.4 at.% Sn and 20.5°C. The maximal solubility of Ga in β-Sn at 13°C is 6.4 at.%. At the temperature of investigation (600°C) both Ga and Sn are liquid, i.e. a continuous liquid region will be observed on the Ga-Sn side of the isothermal section of the phase diagram of the system Sm-Ga-Sn.
This work presents the results of an experimental investigation of the phase equilibria in the ternary system Sm-Ga-Sn at 600°C and the crystallographic parameters of two new ternary compounds, Sm 11 Ga 2.30 Sn 7.70 and Sm 5 Ga 0.76 Sn 2.24 , derived from X-ray powder diffraction. (Sm ≥ 99.9 mass%, Ga ≥ 99.99 mass%, Sn ≥ 99.99 mass%) by arc melting, using a tungsten electrode and a water-cooled copper hearth under a Ti-gettered argon atmosphere. To achieve homogeneity the samples were melted twice. After the synthesis the alloys were wrapped in tantalum foil, sealed in quartz ampoules under vacuum, and annealed at 600°C for 720 h. Finally the ampoules with the samples were quenched into cold water. The weight losses, which were controlled at all stages of the synthesis, did not exceed 1 wt.% of the total mass, which was approximately 1 g for each alloy.
Phase analysis and structure refinements were carried out using X-ray powder diffraction data collected at room temperature on automatic diffractometers (DRON-2.0M, Fe Kα-radiation; Philips PW1280, Cu Kα-radiation; STOE Stadi P, Cu Kα 1 -radiation; Bruker D8 Advance, Cu Kα 1 -radiation). The profile and structural parameters were refined by the Rietveld method, using the program package FullProf Suite [27] . In some cases the profile parameters were refined by a Le Bail fit (profile fit).
Results

The binary systems
By comparing the experimental X-ray powder diffraction patterns of the two-component alloys with patterns calculated for the binary compounds reported in the same system, the existence of 13 binaries at 600°C in the boundary binary systems Sm-Ga and Sm-Sn was confirmed: Sm 9 Ga 4 , Sm 5 [19] . These structures form by gradual substitution of Ga atoms for Sm atoms in the parent AlB 2 -type structure, which exists at the stoichiometric composition SmGa 2 . The similarity of their X-ray powder diffraction patterns makes it difficult to distinguish them, and the group of phases will be referred to as SmGa 2+x below.
Isothermal section of the phase diagram of the system Sm-Ga-Sn at 600°C
The isothermal section of the phase diagram of the ternary system Sm-Ga-Sn at 600°C was constructed (Fig. 1) . It consists of 18 single-phase, 36 two-phase and 19 three-phase fields. The binary phase SmGa 2+x forms the largest number of equilibria (7). At 600°C, the alloys of the binary system Ga-Sn are liquid. The boundary of the liquid phase in the ternary system was interpolated from its limits in the binary systems: 4.5 at.% in the system Sm-Ga and 3.7 at.% in the system Sm-Sn. Two phases, SmGa 2+x and the solid solution based on SmSn 3 , are in equilibrium with the liquid phase. Due to the high instability of the samples in the concentration range 40-55 at.% Sm, 0-10 at.% Ga, 35-60 at.% Sn in air, it was complicated to obtain X-ray powder diffraction patterns suitable for phase analysis. Therefore, the phase equilibria are drawn by dashed lines in this part of the isothermal section.
Two of the binary compounds, SmSn 3 (structure type Cu 3 Au) and Sm 5 Ga 3 (Ba 5 Si 3 ), dissolve significant amounts of the third component, forming extended (up to 30 at.% Ga and 13.3 at.% Sn, respectively) solid solutions with constant Sm contents. The solubility of the third component in the other binary compounds of the systems Sm-Ga and Sm-Sn does not exceed 4 at.%. Three ternary compounds were found in the system Sm-Ga-Sn at 600°C. The compound Sm 3 Ga 0.80-2.48 Sn 4.20-2.52 has a homogeneity range of 21 at.% Ga (Sn) at a constant Sm content of 37.5 at.%, whereas the compound Sm 5 Ga 0.76 Sn 2.24 has a point composition. The homogeneity range of the phase Sm 11 Ga 2.30 Sn 7.70 was not determined.
Solid solutions based on the binary compounds
The binary compound SmSn 3 dissolves 30 at.% of Ga, forming a substitutional solid solution SmGa 0-1.2 Sn 3-1.8 . The cell parameters, derived from the Le Bail fit of the X-ray powder diffraction patterns from eight samples collected on a Bruker D8 diffractometer, are listed in Table 2 . With increasing Ga content, the cell parameter of the cubic Cu 3 Au phase decreases linearly within the solid solution.
The binary gallides Sm 5 Ga 3 and SmGa dissolve 13.3 and 3 at.% Sn, respectively, and the stannide Sm 5 Sn 3 4 at.% Ga. The boundary compositions of the solid solutions were determined by Rietveld refinements carried out on diffraction patterns collected with DRON-2.0M and Philips PW1280 diffractometers on multicomponent samples (Table 3) . The crystal structure of the ternary phase Sm 3 Ga 0.80-2.48 Sn 4.20-2.52 was solved from X-ray diffraction on a single crystal of composition Sm 3 Ga 1.89 Sn 3.11 and reported in [8] . It represents an original structure type (oS32, Cmcm, a = 9.9680(13), b = 7.9720(17), c = 10.056(2) Å), which is a ternary variant of the structure type Pu 3 Pd 5 . The structure is characterized by partial ordering of Ga and Sn atoms on three crystallographic sites: the site in Wyckoff position 8g is mainly occupied by Sn atoms, while the sites in 8f and 4c are occupied by statistical mixtures of Ga and Sn atoms. The evolution of the site occupancies within the homogeneity range of the compound was studied by Rietveld refinement on X-ray powder diffraction data obtained for eight samples.
Within the homogeneity range The crystal structure of the ternary phase Sm 11 Ga 2.30(6) Sn 7.70 (6) was refined by the Rietveld method using X-ray powder diffraction data for a twophase sample of composition Sm 50 Ga 20 Sn 30 collected on a diffractometer Bruker D8 Advance (Cu Kα 1 -radiation) in the angular range 2θ = 16-110° with a step size of 0.0144° and scanning time of 6 s per step. According to the phase analysis the sample contained two phases: a main phase with a Ho 11 Ge 10 -type related structure and the AlB 2 -type binary gallide SmGa 2 . Atomic coordinates for the structure type Ho 11 Ge 10 [28] , to which the structure of the binary compound Sm 11 Sn 10 belongs [23] , were chosen as starting model for the refinement of the structural parameters of the main phase. In the beginning it was assumed that all the five sites available for the p-element atoms were occupied by statistical mixtures of Ga and Sn atoms.
However, the refinement of the occupancy parameters suggested partial ordering: statistical mixtures of Ga and Sn atoms occupy only two of the sites (Wyckoff positions 8j and 8h), whereas the three other sites (16m, 4e and 4d) are exclusively occupied by Sn atoms. In the final refinement cycles two overall isotropic displacement parameters were refined: one for the Sm atoms and another one for the p-element atoms. In total, 30 parameters were refined for the two phases: sample shift, 2 scale factors, 4 cell parameters, 6 profile parameters (pseudo-Voigt profile function), 11 atom positional, 2 displacement, 2 occupancies and 2 texture parameters. The background was defined using a Fourier filtering technique. Experimental and calculated X-ray powder diffraction patterns and the difference between them for the sample of nominal composition Sm 50 Ga 20 Sn 30 are shown in Fig. 2 . Experimental details and crystallographic data for the individual phases are listed in Table 4 , atomic coordinates, site occupancies and isotropic displacement parameters for the structure of Sm 11 Ga 2.30(6) Sn 7.70 (6) in Table 5 , interatomic distances and coordination numbers in Table 6 . Sn 10 , which exists at higher temperatures (1170-1240°C). The cell parameters of the ternary phase are smaller than those of the corresponding binary compound, thereby confirming partial replacement of Sn atoms by Ga atoms. The unit cell content and the coordination polyhedra of the atoms in the structure of Sm 11 Ga 2.30(6) Sn 7.70 (6) are shown in Fig. 3 . The polyhedra are similar to those observed in the parent structure type Ho 11 Ge 10 . The Sm atoms center 15-or 
The ternary compound Sm 5 Ga 0.76 Sn 2.24
A new ternary compound with the point composition Sm 5 Ga 0.76(3) Sn 2.24 (3) was found in the quasi-binary system Sm 5 Ga 3 -Sm 5 Sn 3 . Its crystal structure was determined by means of X-ray powder diffraction. An experimental pattern was collected at room temperature on a single-phase sample of composition Sm 62.5 Ga 9.5 Sn 28 on a diffractometer STOE Stadi P (Cu Kα 1 -radiation) in the angular range 2θ = 15-110.625° with a step size of 0.015°. Profile and structure parameters were refined by the Rietveld method using the FullProf Suite software package (Fig. 4) . In total, 19 parameters were refined: sample shift, scale factor, 2 cell parameters, 6 profile parameters (pseudo-Voigt profile function), 3 positional parameters, 4 displacement parameters, 1 occupancy and 1 texture parameter. The background was defined using a Fourier filtering technique. Experimental details and crystallographic data for Sm 5 Ga 0.76(3) Sn 2.24(3) are listed in Table 4 , atomic coordinates, site occupancies and isotropic displacement parameters in Table 7 , interatomic distances and coordination numbers of the atoms in Table 8 .
The crystal structure of the ternary compound 
Discussion
The ternary system Sm-Ga-Sn is the first R-Ga-Sn system for which an isothermal section of the phase diagram has been constructed. The presence of two р-elements in the system leads to the formation of three ternary compounds. The non existence of isotypic binary compounds in the systems Sm-Ga and Sm-Sn prevents the formation of continuous solid solutions. However, limited solid solutions form based on some of the binary compounds. On the line with a Sm content of 25 at.%, an extended solid solution SmGa x Sn 3-x (x = 0-1.2) with cubic Cu 3 Au-type structure, was found. The formation of compounds with close-packed structures has also been observed in other R-Ga-Sn systems. For example, the existence of a few polymorphic modifications of the binary gallides TbGa 3 and DyGa 3 leads to the formation of ternary phases with close-packed structures in the systems {Tb,Dy}-Ga-Sn at 600°C [1] [2] [3] [4] . Addition of Sn to the binary trigallides stabilizes the lowtemperature modifications, and other structures, which belong to the structural family of close-packed structures with the general composition AB 3 , are also formed.
In the structures of the three ternary compounds found in the system Sm-Ga-Sn at 600°C, a tendency towards ordering of the Ga and Sn atoms is observed. The crystal structures belong to ternary derivatives of binary structure types, which are not represented in the boundary binary systems at 600°C. With decreasing overall content of Ga and Sn, the tendency towards isolated p-element atoms in the structures increases. Obviously, the size of the p-element atoms (sizefactor) has a great influence on the character of the interaction.
Two ternary compounds with partially ordered Pu 3 Pd 5 -type structure, Sm 3 Ga 0.80-2.48 Sn 4.20-2.52 [8] and Dy 3 Ga 2.54 Sn 2.46 [10] , have been found in the systems R-Ga-Sn up to now. Both phases are characterized by homogeneity ranges along the lines with 37.5 at.% R. The homogeneity range of the Sm-containing phase is wider (21 at.% Ga/Sn) than that of the Dy-containing phase (6 at.% Ga/Sn) at 600°C. Moreover, the composition of the ternary compound in the system Dy-Ga-Sn is shifted to a higher Ga content (26-32 at.%), as compared to the Sm-containing compound (10-31 at.%).
The ternary compound Sm 11 Ga 2.30 Sn 7.70 at 600°C can be regarded as a partially ordered, Ga-stabilized derivative of the high-temperature binary stannide Sm 11 Sn 10 (structure type Ho 11 Ge 10 ), which exists in the temperature range 1170-1240°C [ 1 1] . Ga atoms substitute for Sn atoms on two of the five sites leading to the formation of a partially ordered ternary structure that derives from the structure type Ho 11 Ge 10 (tI84, I4/mmm) [28] . Three ordered ternary variants of the structure type Ho 11 Ge 10 having the same symmetry and Wyckoff sequence (n 2 mjh 2 e 2 d) have been reported till now: Sc 11 Al 2 Ge 8 (a = 10.419, c = 14.974 Å) [29] , Sm 11 In 6 Ge 4 (a = 11.540, c = 16.325 Å) [30] , and Sc 7 Cr 4 (Cr 0.4 Si 0.6 ) 2 Si 8 (a = 9.757, c = 13.884 Å) [31] . These structures differ by the distribution of the atoms over the different sites in space group I4/mmm ( Table 9 ). The distribution of the atoms in the structure of Sm 11 Ga 2.30 Sn 7.70 is different from all the above mentioned structures, allowing us to state that it represents a new ternary ordered derivative of the structure type Ho 11 Ge 10 .
The structure type Ho 11 Ge 10 is typical for binary compounds of rare-earth metals with p-elements of group IV (Ge, Sn, Pb) [32] . Replacement of 1/5 of the atoms of group IV (Ge) by atoms of group III (Al) leads to the formation of the structure type Sc 11 Al 2 Ge 8 , in which the Al atoms populate one of the sites in Wyckoff position 8h. In the structure of Sm 11 Ga 2.30 Sn 7.70 , the Ga atoms (p-element of group III) partially substitute for Sn atoms (p-element of group IV) on two sites (Wyckoff position 8j and 8h). Replacement of 3/5 of the atoms of group IV (Ge) by In atoms (group III) leads to the formation of the structure type Sm 11 In 6 Ge 4 in which the In atoms 
